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Abstract

A methodology for measuring the vibration energy absorbed into the fingers and the palm exposed to vibration is proposed to
study the distribution of the vibration energy absorption (VEA) in the fingers-hand-arm system and to explore its potential
association with vibration-induced white finger (VWF). The study involved 12 adult male subjects, constant-velocity sinusoidal
excitations at 10 different discrete frequencies in the range of 16–1000 Hz, and four different hand-handle coupling conditions (fin-
ger pull-only, hand grip-only, palm push-only, and combined grip and push). The results of the study suggest that the VEA into
the fingers is considerably less than that into the palm at low frequencies (�25 Hz). They are, however, comparable under the
excitations in the 250–1000 Hz frequency range. The finger VEA at high frequencies (�100 Hz) is practically independent of the
hand-handle coupling condition. The coupling conditions affect the VEA into the fingers and the palm very differently. The finger
VEA results suggest that the ISO standardized frequency weighting (ISO 5349-1, 2001) may underestimate the effect of high fre-
quency vibration on vibration-induced finger disorders. The proposed method may provide new opportunities to examine VEA
and its association with VWF and other types of vibration-induced disorders in the hand-arm system.
Published by Elsevier Ltd on behalf of IPEM.
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1. Introduction

Prolonged exposure to hand-transmitted vibration is

associated with a series of disorders in the vascular,

sensorineural and musculoskeletal structures of human

fingers-hand-arm system, which has been collectively

called hand-arm vibration syndrome (HAVS) [1].

Vibration-induced white finger (VWF) is also fre-

quently used to refer the vibration-induced disorders in

the fingers and the hand in the literature, probably

because blanching along with tingling and numbness in

the fingers and the hand is a typical symptom of

HAVS. VWF was first linked to use of pneumatic tools

by Professor Loriga (cited in [2]) as early as the

beginning of the 20th century. The first comprehensive
investigation into VWF was performed in 1918 by

Dr. Alice Hamilton (a copy of her study report is

found in [3]). Since then, a considerable number of stu-

dies on VWF have been reported in the literature.

However, the pathologic and physiologic mechanisms

of VWF are not well understood. The vibration expo-

sures required to cause VWF are not known precisely,

neither with respect to vibration magnitude and fre-

quency spectrum, nor with respect to daily and cumu-

lative exposures, as noted in the updated international

standard for measurement, evaluation and assessment

of hand-transmitted vibration [4].
Consequently, it is unknown exactly which vibration

characteristics may be responsible for VWF, and what

the best measure of the vibration is for the exposure

assessment [5]. For many practical reasons, such as

technical availability and convenience and reliability of

the measurement, the majority of the studies and all

current national and international standards regarding
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hand-transmitted vibration (e.g. [4,6]) use tool handle
acceleration spectrum as a measure to quantify the
severity of vibration and to assess the risk of the
exposure.
Several investigators [7–9] suggested that vibration

energy absorption (VEA) may be a significant etiologic
factor in regards to vibration injuries, and that VEA
may provide a better indication of vibration-induced
injuries than would a measure of the handle vibration
spectrum. An epidemiological study on the relationship
between the VEA and VWF was performed in the
1970s [8]. The results of this study indicted that there
might be some correlation between the VEA and VWF,
even though the reported data were far from sufficient
to establish the relationship. Since this study, a great
number of investigations [e.g. 10–15] on VEA have
been reported. These studies have made substantial
progress towards understanding the basic character-
istics of the total VEA in the hand-arm system and the
influencing factors. However, the development of a
relationship between the VEA and VWF still remains a
formidable task.
The measurement of the total VEA in the hand-arm

system was exclusively used in the above-mentioned
energy studies for VWF. However, there exists a criti-
cal problem with the total energy method. Some of the
reported data indicate that the energy absorbed in the
hand-arm system in the low-frequency range (�25 Hz)
increases with the reduction of the vibration frequency
[12], and low-frequency (<10 Hz) VEA along the fore-
arm direction (the dominant vibration direction on
many power tools) is higher than that in the middle-
frequency range (25–250 Hz) [13]. This would suggest
that low-frequency vibration would be more harmful
than middle-frequency vibration. This directly contra-
dicts the findings of many previously reported epide-
miologic studies, which indicate that VWF is correlated
to the use of vibrating tools with dominant frequencies
in the middle-frequency range [5]. Few cases of VWF
are associated with the tool operations that generate
predominantly low-frequency vibration [16–17]. There-
fore, the validity of the total energy approach for
studying VWF is questionable.
The total energy method does not differentiate

between the various parts of the hand-arm system
where the VEA occurs, nor does it account for the dis-
tribution characteristics of the VEA at different fre-
quencies. These seem to be fundamental deficiencies in
the total energy method. As it has been well under-
stood, VWF is a localized disease, even though the
adverse effects of hand-transmitted vibration are not
limited to the hand and fingers. It is because of this
that almost all types of objective tests for VWF diag-
nosis focus the detection on the fingers or at the finger-
tips, as recently reviewed by many investigators [18]. It
is also well understood that low-frequency vibration
can be effectively transmitted to the arm and shoulders
[19,20], and the transmitted vibration energy may
cause discomfort, pain, and joint disorders at these
locations [16,21,22]. Low-frequency vibration, however,
may not be directly associated with the disorders in the
fingers. Based on these arguments, we propose that
there may be a stronger correlation between the finger
VEA and VWF than between the total hand-arm
system VEA and VWF. This hypothesis has not been
seriously studied before.
To test this hypothesis, a method for measuring the

energy flowing into and consumed by the fingers is pro-
posed and evaluated in this study. It is used to examine
the major differences between total hand-arm system
VEA and finger VEA, and to explore the fundamental
characteristics and distribution of the VEA in the fin-
gers-hand-arm system, as well as the finger VEA
association with VWF.
2. Methods

2.1. Theory for VEA measurement

Energy absorption per unit time or energy absorption
rate may be directly associated with vibration-induced
injuries. For this reason, VEA is usually quantified
using the energy absorption rate or power. The power
flowing into a system from another system at their
interface can be calculated from

PðtÞ ¼ ~FFðtÞ � ~VVðtÞ ð1Þ

where ~FF and ~VV are the dynamic force and velocity at
the interface, respectively.
The power can be expressed in the frequency

domain, which can be obtained by calculating the
cross-spectrum of the force and velocity [23]. Because
of the phase difference, the cross-spectrum is normally
complex, which can be generally expressed as follows:

PðxÞ ¼ CðxÞ � jQðxÞ ð2Þ

where the real component, C, is the coincident spectral
density function (co-spectrum) and the imaginary
component, Q, is the quadrature spectral density func-
tion (quad-spectrum) [23]. Applied to hand-transmitted
vibration, the real component reflects the energy dissi-
pated in the hand-arm system per unit time due to the
friction at the interface between the hand and tool han-
dle and the internal friction in the tissues of the hand-
arm system. This component is usually termed as VEA
or vibration energy dissipation. The imaginary compo-
nent reflects the combination of the kinetic energy due
to system inertia and the potential energy from the
elasticity of the tissues. This portion of energy may
feedback to the tool through the hand-tool interac-
tions. There is a dynamic balance between the input
and feedback energy at the interface in a steady-state
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vibration exposure. Therefore, the feedback energy
may also be considered to be energy ‘‘stored’’ in the
hand-arm system [24]. The imaginary component is
generally much smaller than the real component [12].
While it remains unknown whether the stored energy
can also be associated with the etiology of VWF, inves-
tigators have generally ignored this component.
The energy measurement concept has been widely

used to quantify the total VEA in the studies of human
whole body vibration [7,25], hand-transmitted
vibration [8,13], and skin response to vibration [26].
For the purpose of the energy calculation, the acceler-
ation measured on the tool handle is integrated to
obtain velocity. Ideally, the dynamic force should be
measured at the hand-tool interface to minimize the
influence of the energy absorbed in an instrumented
handle and the effect of the mass of the handle. Flex-
ible force sensors have been proposed to perform such
a measurement [27,28]. However, the reliability and
repeatability of the measurement with such sensors
have not been sufficiently evaluated. Piezoelectric force
sensors have been widely applied for force measure-
ment because of their rigidity and reliability.
As opposed to measuring VEA in the total hand-arm

system, the power flowing into the fingers and the palm
were measured separately in the present study. To
accomplish this, the handle was evenly split into two
parts at the centerline, as shown in Fig. 1. With such a
split, the total vibrating force acting on the hand, ~FF ,
can be considered as the sum of the two components
acting on the surfaces of the two parts of the handle,
such that:

~FF ¼ F þ ~FFp

� �
� F � ~FF f

� �
¼ ~FFp þ ~FF f ð3Þ

where F is static grip force, ~FFp and ~FF f are the resultant
F

fi

t

a

dynamic forces acting on the palm and the fingers,
respectively. If the connection between the two parts of
the handle and the handle as a whole are sufficiently
rigid in the frequency range of concern, the velocity

( ~VV ), on each part will be the same. Therefore, the total
power flowing into the hand-arm system (P) can be
divided into the power flowing into the palm (Pp) and

the power flowing into the fingers (Pf ), which can be
expressed as:

P ¼ Pp þ Pf ð4Þ
The power flowing into both parts of the hand could

be stored or absorbed anywhere in the hand-arm sys-
tem, depending on the vibration characteristics (e.g.
magnitude and frequency), the hand-handle coupling
conditions, and so on. However, it is anticipated that
the power flowing into the fingers would relate prim-
arily to the biomechanical properties of the finger
structures, and the power flowing into the palm would
largely depend on the biomechanical properties of the
palm-hand-arm system. The VEA in the fingers and the
palm of the hand may thus be independently estimated,
which is explored in this study.
As described in the next section, the measurement of

the energy absorption was realized using an instru-
mented handle equipped with an accelerometer and
two force sensors. Because the handle measuring cap
and the sensors have some mass and damping char-
acteristics, the directly measured VEA is the combined
response of the handle and the fingers or palm-hand-
arm system. The cancellations of the handle mass and
damping effects can be achieved by using either a time-
domain method or a frequency domain method.
According to previous studies [29], the frequency
domain method is superior. In this study, a cancel-
lation formula was derived based on a measurement
system model proposed by McConnel [29], which is
expressed as follows:

PðxÞ ¼ PRawdataðxÞ � PHandleðxÞ ð5Þ

where PRawdata is the raw data measured in a subject
test, and PHandle is the energy absorption measured
with an empty handle (without any hand coupling).
This formula is valid only if the phase characteristics of
the motion and force sensors are very comparable, and
the electronic devices for the signal conditioning and
data acquisition do not introduce any significant phase
differences between their signals. In this study, these
requirements were satisfied by choosing appropriate
sensors and signal conditioners.
2.2. Instrumented handle

Based on the measurement principle described in the
previous section, an instrumented handle for separately
measuring the power flowing into the fingers and into
elocity and dynamic forces at the interfaces bet
ig. 1. V ween the

ngers and the handle, and between the palm and the handle (F: sta-

ic grip force; ~FF f : force acting on the fingers; ~FFp: force on the palm;

nd ~VV : Handle velocity).
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the palm was designed and constructed. The design of

the handle is shown in Fig. 2. It has a cylindrical shape
with a diameter of 40 mm and an effective length of

110 mm. The handle structure consists of two parts:
the handle base and the measuring cap. While the han-

dle base is made of aluminum, the measuring cap is
made of magnesium. Two piezoelectric single-axis force

sensors (Kistler 9212) are sandwiched between the two
parts along the centerline of the handle to measure the

static and dynamic hand-handle coupling forces. An
accelerometer (PCB 356A12) is positioned on the mea-

suring cap at the center point of the handle.
The handle can be installed on a vibration exciter

fixture at any desired orientation, which enables it to

measure the power into both parts of the hand with the
same test setup and with the same subject posture. The

palm was placed on the measuring cap to assess the
power flowing into the palm. To assess the power flow-

ing into the fingers, the handle was rotated 180
v
about

the longitudinal axis of the handle inside the fixture,

while the fingers gripped the measuring cap.
The dynamic behaviors of the instrumented handle

on the shaker are critical to the measurement of the

biodynamic responses of the fingers-hand-arm system.
To assure the accuracy and reliability of the measure-

ment, the instrumented handle and the entire measure-
ment system were comprehensively examined. The

static calibration results from force range of �200 N
(compression) to 30 N (tension) indicated that the han-

dle exhibited excellent linear behavior. A scanning laser
vibrometer (PSV-300) was used to examine the handle

resonance and the vibration distribution pattern on the
surface of the handle base and the measuring cap with-
out human hand coupling [30]. The variation in the
magnitude of vibration distributed along the handle
centerline on the measuring cap at 1000 Hz was
observed to be less than 5%. The fundamental resonant
frequency of the handle-fixture system was determined
to be approximately 1452 Hz. With a hand coupling, it
was only marginally reduced to 1416 Hz. With the
vibration test system used in this study, the effect of the
resonance was effectively controlled and a consistent
vibration input to the hand of each subject was guaran-
teed. The effective mass (¼ force=acceleration) of the
measuring cap assembly was normally 105 g, with a
maximum variation of less than 3 g in the frequency
range of 10-1000 Hz under a constant vibration velo-
city (14 mm/s rms). The phase angle of the apparent

mass was less than 3
v
, which suggested that the phase

difference between the acceleration and force signals
was negligible. This assured the validity of using Eq. (5)
for the handle mass and damping cancellations. Over-
all, these performance features demonstrate that this
instrumented handle can provide very reasonable mea-
surements of the power absorption, at least in the fre-
quency range of 10–1000 Hz.

2.3. Experimental set-up

The experimental set-up used in this study is illu-
strated in Fig. 3. The measured force signals were con-
ditioned using a charge amplifier (Kistler Type 5010)
and then fed into a data acquisition and analyzer sys-
tem (B&K Type 3032A I/O Module). The acceleration
signal was also fed into the system and integrated to
obtain the velocity using the built-in integration func-
tion in the system. The energy absorption was determ-
ined by performing a cross-spectrum analysis using the
standard cross-spectrum function built in the B&K
PULSE program (Version 6.0).
As conventionally defined (ISO 10819, 2001) [31], the

grip force shown in Fig. 1 is actually the quasi-static
component of the force measured with the two force
sensors depicted in Fig. 2. The measured force signal
was thus branched to a low-pass filter with a 5 Hz cut-
off frequency to derive the grip force. A custom pro-
gram was developed using LabVIEW software
(National Instruments, version 5.0) to display the grip
force. The grip force was displayed on a computer
monitor as a strip chart, which served as a feedback for
the test subjects.
The pull or push force acting on the handle was

measured using a force plate (Kistler 9286AA) and dis-
played as a strip chart on a separate computer moni-
tor. The force plate measurements were verified using
the instrumented handle when a pull-only or push-only
action was required. A vibration test system equipped
with a shaker (Unholtz-Dickie TA250-S032) and a
Fig. 2. A sketch of the instrumented handle used for the measure-

ment of vibration energy absorbed in the fingers and the palm-hand-

arm system.
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control system (UD-VWIN V4.18) was employed to

generate the desired vibration. The instrumented handle

was fixed on the shaker of the test system using the

specially designed handle-fixture with its long axis

oriented vertically in the same manner as used in the

ISO standardized glove test [31].
2.4. Subjects and studied variables

This study was carried out using 12 healthy male

subjects, with no previous work-exposure to vibration.

Some individual physical characteristics were measured

for each subject and are presented in Table 1.
The test posture used in this study was the same as

that required in the ISO standardized glove test [31] as

depicted in Fig. 3. Briefly, each subject was required to

stand upright on the force plate in front of the shaker,

to keep the forearm at the same level as the handle,

and to grip the vibrating handle with the elbow angled

at 90
v
. With this hand-arm posture, the vibration was

delivered to the hand in the Zh-direction in the biody-

namic coordinate system [4]. In order to identify the

differences between the VEA values in the fingers and

the palm-hand-arm system, the VEA was measured for

both the fingers and the palm coupling conditions.
This study used four combinations of hand-handle

coupling actions: (a) grip-only (50 N), (b) combined

grip (50 N) and push (50 N), and either (c) pull-only

(50 N) when measuring the VEA on the fingers or (d)

palm-push-only (50 N) when measuring the VEA on

the palm. Hence, there were three types of coupling

actions for the evaluation of each part of the hand.
Discrete sinusoid vibrations with a constant velocity
(14 mm/s rms) at 10 different frequencies (16, 25, 40,
63, 100, 160, 250, 400, 630 and 1000 Hz) were used in
the experiment. These frequencies correspond to 10 dif-
ferent magnitudes of accelerations (1.4, 2.2, 3.5, 5.6,
8.8, 14.1, 21.9, 35.1, 55.0, 87.6 m/s2 rms). Their corre-
sponding frequency-weighted acceleration is approxi-
mately 1.4 m/s2 rms, as calculated using the weighting
specified in the current ISO standard [4].
2.5. Test procedures

The subjects wore normal office clothes without jack-
ets. After going through the test explanation and con-
sent-form-signing procedures, a short section of a first-
aid bandage was placed on the back of the index finger
of the right hand of a subject. A line was marked on
the bandage in line with the crease at the base of the
subject’s third proximal phalange, which served as a
reference for aligning the hand with the handle in the
subsequent tests. The subject was asked to stand on the
force plate adjusted to an appropriate height, and to
grip the vibrating handle with the alignment mark in
line with the handle-splitting line, which assured that
the hand gripped the handle at the same location dur-
ing each exposure. Once the grip posture and position
were set, an investigator requested the subject to per-
form a specific hand-handle coupling. When the coup-
ling force (grip, push, pull, or combined grip and push)
was stable at the required 50 N level, the investigator
recorded the test data for a period of 5 s. The subject
was then advised to relax for 5 s, while keeping the
same hand coupling posture and location before
Fig. 3. Experiment set-up and subject posture.
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performing the next requested coupling action, which
minimized the variability of the hand-handle coupling
position. Two test trials were performed for each of the
three coupling actions at each part (fingers or palm) of
the hand. Therefore, there were six trials at each of the
10 constant-velocity vibration exposures. These six
trials were randomized among the subjects and
vibration exposure frequencies. When all six trials were
completed at a given frequency, the subject stepped off
the test platform and took a one-minute rest before the
next trial commenced under a different constant velo-
city vibration frequency. The sequence of the vibration
exposure frequencies was independently randomized
for each subject.
On a random basis, one-half of the subjects per-

formed the finger VEA measurements first, and the
others had their palm VEA measurements first. After
the tests on the first part were completed, the instru-
mented handle was rotated 180

v
to measure the VEA

on the other part of the hand. The subjects rested dur-
ing the approximately 3 min it took to reorient the
handle. Before resuming testing, the subject was re-
instructed to keep the same hand grip alignment and
hand-arm posture as in the first half of the experiment.
2.6. Statistical analyses

A two-factor repeated-measures analysis-of-variance
(ANOVA) was performed; one factor reflected differ-
ences in the hand-handle coupling conditions, and the
second factor reflected the 10 constant-velocity
vibration exposure frequencies. The subject was used as
a random factor in the analysis. The ANOVA was
done using a conventional mixed model with the coup-
ling action and exposure frequency as fixed effects and
subject as a random effect. Pursuant to the results
of the ANOVA, post-hoc analyses were undertaken.
Pair-wise comparisons were performed using a Bonfer-
roni correction [32] to assure proper levels of alpha
protection.
3. Results

Fig. 4 depicts the mean values of the VEA measured
on the fingers for the three finger-related hand-coupling
combinations. The accelerations corresponding to the
constant velocity excitation (14 mm/s rms) are also
plotted in the figure.
The results of the two-factor repeated measures

ANOVA yield significant effects for the coupling
condition (F2;22 ¼ 57:92, p < 0:001), exposure condition
(F9;99 ¼ 56:36, p < 0:001) and their interaction
(F18;198 ¼ 44:41, p < 0:001). The post-hoc analyses
reveal that the VEA values at 25 and 40 Hz with the
combined grip and push coupling test, which is the
Table 1

Some physical characteristics of the 12 male subjects
Subject H
eight (m) W
eight (kg) H
and

breadtha (mm)

H

c

and

ircumferencea (mm)

H

le
and

ngth (mm)

F

v

inger

olume (ml)

H

v

and

olume (ml)
1 1
.8 1
41 1
01 2
61 1
92 1
05 5
60
2 1
.75 7
7 8
4 2
10 1
91 5
0 3
75
3 1
.73 7
5 8
6 2
13 1
90 5
6 3
55
4 1
.85 9
7 1
01 2
31 2
00 7
7 4
45
5 1
.75 7
3 8
3 2
05 1
92 6
0 3
90
6 1
.78 8
6 9
7 2
40 2
03 7
2 4
40
7 1
.8 9
3 9
0 2
30 1
94 6
5 4
45
8 1
.75 7
7 8
5 2
05 1
90 6
3 3
75
9 1
.8 8
6 9
0 2
31 1
90 6
5 4
60
10 1
.75 7
4 8
7 2
15 1
84 4
5 3
30
11 1
.83 8
0 9
0 2
20 1
96 6
5 3
80
12 1
.83 8
9 9
0 2
23 1
96 7
5 4
75
Mean 1
.79 8
7 9
0 2
24 1
93 6
7 4
19
STD 0
.04 1
9 6
 1
6 5
 1
5 6
4
a Hand breadth and circumference were measured at the metacarpals.
Fig. 4. VEA measured on the fingers under constant-velocity exci-

tation and three different hand-handle coupling conditions.
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highest effective hand-handle coupling among the three
coupling conditions, are reliably lower (p < 0:001) than
those measured with the other two coupling actions. In
contrast, the VEA at 16 and 25 Hz with the pull-only
coupling, which is the weakest effective hand-handle
coupling, is the highest among the three couplings
(p < 0:001). The average VEA value at 16 Hz with
the combined coupling is also less than that of the
grip-only coupling, but the difference is not statistically
reliable (p ¼ 0:540). At 40 Hz, the VEA values from
the grip-only and pull-only couplings are also very
close to each other (p ¼ 0:146). At 63 Hz, the VEA
from the pull-only coupling exchanges positions with
the VEA values of the combined grip and push coup-
ling, while those with the grip-only remaining in the
middle (p < 0:002). At constant-velocity vibration
exposures from 100 to 630 Hz, none of the differences
were reliable (0:078 < p < 0:965). At 1000 Hz, the VEA
value for the pull-only is marginally (15%) less than
those for the combined grip and push coupling
(p < 0:001).
The relationship between the VEA measured on the

fingers and the constant-velocity acceleration can also
be seen in Fig. 4. At frequencies below 100 Hz, the pat-
tern of the relationship depends on the hand-handle
coupling condition. At excitation in the 100–400 Hz
frequency range, the VEA increases approximately pro-
portionally to the magnitude of the constant-velocity
acceleration, irrespective of the hand-handle coupling
condition. Also irrespective of the coupling condition,
the VEA remained more or less the same for excitation
frequencies at or above 400 Hz.
Fig. 5 shows the VEA values measured on the palm

under the three coupling conditions: push-only, grip-
only and the combined grip and push. The data reveal
that their basic trends are similar to each other but
very different from those measured on the fingers. The
ANOVA results also yield significant effects for coup-
ling conditions (F2;22 ¼ 114:55, p < 0:001), exposure

conditions (F9;99 ¼ 28:35, p < 0:001) and their interac-

tions (F18;198 ¼ 14:16, p < 0:001). The post-hoc analy-

ses pertaining to the couplings reveal none of the

differences at 25 Hz to be reliably different

(0:585 < p < 0:999). At 16 Hz, the VEA for the com-

bined coupling is not significantly different from that

for the grip-only coupling (p ¼ 0:141). The remaining

26 comparisons, however, indicate that the VEA values

for different coupling conditions are reliably different

(p < 0:01). The VEA for the grip-only coupling gener-

ally is the lowest while that for the combined coupling

is the highest except at 16 and 25 Hz. The VEA mea-

sured at the palm has a resonant peak between 25 and

40 Hz, depending on the coupling condition. The low-

est resonant frequency (25 Hz) was obtained under the

grip-only action and the highest one (40 Hz) is associa-

ted with the combined grip and push coupling action.
Fig. 6 depicts the mean VEA values of the entire

hand-arm system, derived from the superposition

(Eq. (4)) of those measured on the fingers and the palm

shown in Figs. 4 and 5, respectively. In reality, there is

no combined action of the finger pull-only and the

palm push-only couplings. For comparison, the data

from these two couplings are also summed together

and referred as a virtual combination in this study. As

it can be seen, the basic trends in variation in overall

VEA below 160 Hz are dominated by those measured

on the palm. For frequencies at or above 160 Hz, the

total VEA curves share the features of the VEA values

measured independently at each part of the hand. The

relative differences among the three coupling conditions

become less significant under high frequency excita-

tions (�160 Hz) due to the consistency of the finger

VEA (Fig. 4) and the reduced difference between the

palm VEA values (Fig. 5).
Fig. 5. VEA measured on the palm under constant-velocity exci-

tation and three different hand-handle coupling conditions.
Fig. 6. Total VEA in the finger-hand-arm system calculated from

the VEA values measured on the fingers and the palm in different

hand-handle coupling conditions.
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Under the grip-only action, there is also a resonant-
like peak on the finger VEA curve (Fig. 4), which is at
the same frequency (25 Hz) as that on the palm VEA
curve (Fig. 5). This similar resonant feature indicates
that the fingers’ movement relative to the handle is simi-
lar to the palm’s movement relative to the handle at the
low frequencies. However, the similarity in the relative
motions does not result in similar VEA values because
the effective mass and damping characteristics of the fin-
gers are very different from those in the palm-wrist-arm
system at the low frequencies. The finger VEA only con-
tributes 16% and 24% to the total hand VEA values at
16 and 25 Hz, respectively. In contrast, above 160 Hz,
the finger VEA becomes greater than the palm VEA
(p < 0:001). The majority of the total hand VEA below
160 Hz is associated with the palm (p < 0:001).
Under the combined grip and push coupling, the dif-

ference between the finger and palm VEA values below
160 Hz is even greater. At 16 and 25 Hz, less than 7%
of the total hand VEA is attributed to the fingers’
response. However, the finger and palm VEA values
become fairly comparable at frequencies above 160 Hz
(see Figs. 4 and 5).
The differences between the VEA values measured

from the finger pull-only action and the palm push-
only action are not as profound as those in the other
two coupling actions. However, the difference pattern is
similar to that in the other two coupling conditions
(see Figs. 4 and 5).
4. Discussion

Similar to the energy dissipation density that has
been successfully used to analyze the fatigue of materi-
als [33], the VEA per unit volume of tissue, i.e., VEA
density (VEAD), would perhaps be the best theoretical
measurement of vibration exposure if the VEA is,
indeed, associated with vibration injuries. This
approach, however, requires determining the distri-
bution of VEAD in the hand-arm system and identify-
ing the critical locations of VEAD concentration. So
far, it has been impractical to physically measure the
distribution of the VEAD. The next best measurement
may be the local VEA in the fingers or fingertips. The
fingers are directly in contact with the vibration source
and have much less tissue volume than the rest of the
hand-arm system. This may result in high concentra-
tions of VEA in the fingers and suggests that the criti-
cal VEAD may be located in the fingers. This
assumption is further supported by the fact that
blanching, tingling, and numbness associated with
VWF usually starts in the fingers, and these symptoms
are also usually the most severe in the fingers [2,5].
Therefore, there may be a correlation between the fin-
ger VEA and VWF. As a critical step to test the
hypothesis, this study developed a method to separate
the finger VEA from the total VEA in the continuous
finger-hand-arm system, and studied the fundamental
characteristics of the VEA values separately measured
at the fingers and at the palm.
Fig. 7 shows a comparison of the total VEA of the

hand-arm system obtained in the present study and
that calculated from reported mechanical impedance
(MI) data [34] using the following formula [12]:

PðxÞ ¼ Real½MIðxÞ� ~VV
�� ��2 ð6Þ

The velocity value of 14 mm/s rms was used in the cal-
culation, which is the same as that used in the experi-
ment. Different from the split handle method used in
this study, the conventional method for directly mea-
suring the biodynamic response of the entire hand-arm
system was used for the MI measurement in the repor-
ted study [34]. As can be seen, the general patterns and
values at different frequencies obtained from these two
different approaches agree very well with each other.
This agreement provides support for the measurement
method proposed in the present study.
Vibration transmission to the finger-hand-arm sys-

tem has been studied by many investigators [19,20,35–
37], in which the acceleration or velocity due to
vibration on the surface of the hand-arm system at sev-
eral critical points was measured. These studies found
that vibration at frequencies below 40 Hz could be
effectively transmitted to the arms, shoulders and head;
vibration at frequencies above 100 Hz was mainly lim-
ited to the hand; and less than 10% of vibration at fre-
quencies above 250 Hz was transmitted to the wrist
and beyond. Vibration energy can only be absorbed in
the tissues to which vibration has been transmitted.
Therefore, theoretically, the VEA measured at low
frequencies should be distributed throughout the
entire finger-hand-arm system; the VEA distribution
along the finger-hand-arms-shoulder-head vibration
Fig. 7. Comparison of the total VEA values in the finger-hand-arm

system obtained in the present study and those calculated using the

mechanical impedance (MI) data reported from a previous study [34].
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transmission chain would decrease with an increase in
vibration frequency; and the VEA at high frequencies
should be limited to the local tissues close to the
vibration source. These observations are consistent
with those of the present study.
The results of the present study indicate that the

VEA measured on the fingers at frequencies below 100
Hz is generally dependent on the palm-handle coupling
condition. At higher frequencies, however, the mea-
sured VEA can be considered practically independent
of the coupling condition. This suggests that only the
local tissues of the fingers can effectively respond to
high frequency excitation, and they likely absorb most
of the transmitted energy at these frequencies.
The combined grip and push coupling represents the

tightest effective hand-handle linking used in this study.
Such a coupling is generally expected to be associated
with relatively higher vibration transmission and
energy absorption. This holds true for the palm VEA,
as shown in Fig. 5. However, the tight coupling does
not increase the finger VEA but reduces it dramatically
at low frequencies (�25 Hz), as shown in Fig. 4. This
phenomenon can be explained by the possible non-lin-
ear stiffness characteristics of the palm’s soft tissues
and the in-phase motion of the fingers and the palm at
low frequencies. The combined coupling results in the
highest palm contact force (100 N) that corresponds to
the highest contact stiffness, as evidenced by the high
VEA resonant frequency under this coupling. The
increased stiffness at the palm increases the vibration
transmission at the palm but decreases the relative
motion between the fingers and the handle. Under the
same finger force (50 N) at different palm coupling
conditions, the finger contact stiffness may not change
significantly. Hence, the decreased relative motion
reduces the finger dynamic force and thus the energy
transmission at the fingers.
In the pull-only coupling, there is effectively no palm

coupling with the handle. This makes it relatively easy
for the low-frequency vibration to be transmitted from
the fingers into the other parts of the hand-arm system
and absorbed in a large volume of tissues. This explains
why the VEA under the pull-only coupling is obviously
higher than the VEA values at the other coupling con-
figurations at 16 and 25 Hz, as shown in Fig. 4. This
also suggests that a large portion of the low-frequency
VEA measured at the fingers in this coupling is not dis-
tributed in the fingers but rather in the other parts of
the contiguous finger-hand-arm system. This is because
the tissue in the fingers represents a small percentage of
the tissue in the hand-arm system.
Obviously, at frequencies below 100 Hz, the VEA

measured on the fingers generally consists of two com-
ponents: the energy exclusively consumed in the finger
tissues and that transmitted to and consumed in the
other parts of the hand-arm structures. Because the
effects of the palm coupling conditions generally
decrease with an increase in vibration frequency, as
shown in Fig. 4, the transmitted component likely
increases with a decrease in frequency. This is also con-
sistent with the general vibration transmission theory.
Since only the absorbed component in the finger tissues
may be closely associated with vibration-induced finger
disorders, it may be useful to further differentiate these
two components. This remains a formidable research
task. As an alternative approach, a finite element
model of a finger similar to that reported by Wu et al.
[38] may be developed to help determine the local fin-
ger VEA and the VEAD distribution.
The comparisons of the VEA values measured on the

fingers and on the palm plotted in Figs. 4 and 5 clearly
indicate that the vibration energy consumed in the
hand-arm system at 25 Hz and below was mainly trans-
mitted through the palm. Moreover, it is likely that
only a portion of the relatively high VEA measured on
the fingers in the pull-only coupling at low frequencies
is distributed within the finger tissues, as discussed
above. These findings suggest that the majority of the
total hand-arm system VEA in the low-frequency range
(�25 Hz) is distributed through the palm-hand-arm
system, which may not be closely associated with
vibration-induced injuries in the fingers. Hence, it may
be inappropriate to directly link low-frequency VEA
with finger disorders. This may explain, at least par-
tially, why the prediction from the total energy method
contradicts the findings of the epidemiologic studies.
Hence, while the VEA measured at the palm may have
a better association with the disorders or injuries in
the palm-wrist-arm-shoulder system, the finger VEA
should be used to study VWF or other finger disorders.
The ISO standardized frequency weighting [4] is

based on the basic assumption that at frequencies
above 16 Hz, vibrations with the same velocity are
equally harmful to the hand-arm system. The results of
this study indicate that at constant velocities, the
vibration energy actually absorbed in the fingers at low
frequencies is significantly less than that at high fre-
quencies. Therefore, from the point of view of energy
absorption, the ISO weighting overestimates the effect
of low-frequency vibration and/or underestimates the
effect of the high-frequency vibration on vibration-
induced finger disorders.
5. Conclusion

A methodology is developed to separately measure
the VEA into the fingers and into the palm. This study
finds that the finger VEA is considerably less than the
palm VEA at low frequencies (�25 Hz). The VEA
values are, however, comparable under excitations in
the 250–1000 Hz frequency range. The finger VEA at
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high frequencies (�100 Hz) is practically independent
of the hand-handle coupling condition. The coupling
conditions affect the VEA into the fingers and the palm
very differently. The finger VEA values suggest that the
frequency weighting specified in the current ISO stan-
dard [4] may underestimate the effect of high frequency
vibration on vibration-induced finger disorders.
References

[1] Gemne G, Taylor W. Foreword: Hand-Arm Vibration and the

Central Autonomic Nervous System. Journal of Low Frequency

Noise and Vibration 1983;Special Vol.:1–12.

[2] Pelmear PL, Wasserman DE. Hand-Arm Vibration—A compre-

hensive guide for occupational health professionals. Beverly

Farms, MA: OEM Press; 1998.

[3] Wasserman DE. Human Aspects of Occupational Vibration.

Amsterdam, The Netherlands: Elsevier Science; 1987.

[4] ISO 5349-1. Mechanical vibration—Measurement and evalu-

ation of human exposure to hand-transmitted vibration—Part 1:

General guidelines. Geneva: International Organization for Stan-

dardization; 2001.

[5] Griffin MJ. Handbook of Human Vibration. London: Academic

Press; 1990.

[6] ANSI-S3.34. Guide for the measurement and evaluation of

human exposure to vibration transmitted to the hand.

New York: American National Standards Institute; 1986.

[7] Pradko F, Lee RA, Greene JD. Human vibration-response

theory. American Society of Mechanical Engineers; 1965 Paper

No. 65-WA/HUF-19.

[8] Lidström IM. Vibration injury in rock drillers, chiselers, and

grinders. Some views on the relationship between the quantity of

energy absorbed and the risk of occurrence of vibration injury.

Proceedings of the International Conference on Hand-Arm

Vibration, Cincinnati, OH, USA. 1977, p. 77–83.

[9] Cundiff JS. Energy dissipation in human hand-arm exposed to

random vibration. Journal of the Acoustical Society of America

1976;59:212–4.

[10] Mishoe JW, Suggs CW. Hand-arm vibration. Part 1: Analytical

model of the vibration response characteristics of the hand.

Journal of Sound and Vibration 1977;51:237–53.

[11] Jandak Z. Energy transfer to the hand-arm system at exposure

to vibration. In: Okada A, Taylor W, Dupuis H, editors. Hand-

arm Vibration. Kanazawa: Kyoei Press Co; 1989, p. 49–52.

[12] Reynolds DD, Wasserman DE. Energy entering the hands of

operators of pneumatic tools used in the chipping and grinding

operations. In: Brammer AJ, Taylor W, editors. Vibration

Effects on the Hand and Arm in Industry. New York: John

Wiley & Sons; 1982, p. 133–46.

[13] Burström L, Lundström R. Absorption of vibration energy in

the human hand and arm. Ergonomics 1994;37:879–90.
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